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Abstract. - The cons t ruc t i on  and performance o f  NBS-6, the U.S. cesium 

primary frequency standard, are summarized. A b r i e f  d e s c r i p t i o n  o f  

eva lua t i on  procedures and sources of unce r ta in t y  are given. 

I n t roduc t i on .  - The Uni ted States '  primary frequency standard, NBS-6, was placed 

i n t o  serv ice i n  1975. The cesium c lock  was b u i l t  upon the  basic framework pro- 

v ided by NBS-5, b u t  various improvements o f  the device were r a d i c a l  enough t o  

warrant a new standard designation. The bas ic  design uses dipole-magnet s t a t e  
se lectors ,  a conventional U-shaped, rectangular  cross-sect ion Ramsey c a v i t y ,  and 

r e v e r s i b l e  mult ichannel c o l l i m a t o r  and hot -wi re detector .  

For the l a s t  several years, annual evaluat ions o f  NBS-6 have been made i n  

order  t o  prov ide s tee r ing  in format ion t o  the National Bureau o f  Standards (NBS) 

embodiment o f  atomic t ime, AT(NBS). The standard has no t  been operated continu- 

ously as a p a r t i c i p a n t  i n  the NBS t ime scale. This phi losophy has been supported 

by recent  data g i v i n g  the r e l a t i v e  performance of NBS-4 (which i s  operated con- 

t i nuous ly  as p a r t  o f  the NBS t ime scale); the u n o f f i c i a l  working t ime scale a t  

NBS, UTC(8/S); and a small passive hydrogen maser (SPHM). F igure 1 shows the 

s t a b i l i t y  obtained by comparing SPHM w i t h  NBS-4 and w i t h  UTC(8/S). NBS-4 i s  

normal ly  a large c o n t r i b u t o r  t o  UTC(8/S). However, much o f  t h i s  p a r t i c u l a r  data 

was taken when NBS-4 was turned o f f  f o r  maintenance. These curves i n d i c a t e  n o t  
on l y  t h a t  t he  j o i n t  s t a b i l i t y  of SPHM vs. NBS-4 i s  about 2 x rm4 f o r  

t < lo5 s ,  bu t  t h a t  the long-term s t a b i l i t y  of UTC(8/S) i s  about 2 x f o r  
t < l o 6  s .  An e f f o r t  i s  i n  progress t o  complete add i t i ona l  masers t o  add t o  the 

NBS t ime scale. When these c locks j o i n  the scale, i t  w i l l  become even more 

unnecessary t o  operate a primary standard continuously. 

The short-term and long-term s t a b i l i t y  o f  NBS-6 were designed t o  enable us 

t o  achieve the accuracy l i m i t e d  by c a v i t y  phase s h i f t  i n  t he  clock. The accur- 

acy i s  l i m i t e d  by the degree o f  re t race  upon beam reversa l ,  which r e s t r i c t s  the 

l e v e l  o f  cance l l a t i on  o f  c a v i t y  phase s h i f t .  The most uncer ta in  component o f  the 

c a v i t y  phase s h i f t  i s  the d i s t r i b u t e d  s h i f t  across the  microwave c a v i t y  windows. 
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Figure 1. - Frac t i ona l  
frequency s t a b i l i t y  o f  

SPHM vs. UTC(8/S) and SPHM 

V S .  NBS-4. 

Th i s  produces a f r a c t i o n a l  unce r ta in t y  i n  frequency o f  about [l]. I n  order 

t o  measure t o  t h i s  l e v e l  o f  accuracy w i t h  confidence, t he  short-term s t a b i l i t y  

must be adequate t o  resolve - a t  one day, which means t h a t  u ( T )  < 3 x 10 - l2  

T-'. This  i n  t u r n  r e s t r i c t s  the  beam cu r ren t  t o  values greater  than about 2 PA. 
I n  add i t i on ,  i n  order t o  make systematic checks, and t o  complete a beam-reversal 

cyc le ,  t he  long-term s t a b i l i t y  o f  t he  primary standard should be b e t t e r  than 

f o r  several days. This performance has been demonstrated by s t a b i l i t y  

measurements made between NBS-6 and NBS-4 [l] and between NBS-6 and a l a rge  

passive hydrogen maser [Z] .  

Y 

Construction. - A d e s c r i p t i o n  o f  t he  cons t ruc t i on  o f  NBS-6 i s  given i n  Ref. 3. 

For completeness, a summary i s  presented here. 
A two-beam, f l o p - i n  arrangement was chosen, where one beam corresponds t o  

s t a t e  se lec t i on  o f  t he  F = 4 hyper f ine l e v e l ,  and the second corresponds t o  

s e l e c t i o n  o f  t he  F = 3 l e v e l .  While o r i g i n a l l y  two separate hot -wi re detectors  

were used [3], the l a c k  o f  s p a t i a l  r e s o l u t i o n  o f  t he  two beams, coupled w i t h  the  

b e t t e r  noise performance o f  a s i n g l e  detector ,  made the  l a t t e r  arrangement p re fe r -  

able. With an oven temperature o f  90 OC, a beam cross sec t i on  o f  about 2 mm x 

9 mm, and a t o t a l  pa th  l eng th  o f  about 5.4 m, t he  detected beam cu r ren t  i s  about 

2 PA. The degradation o f  the s ignal  magnjtude from p rev ious l y  repor ted values i s  
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due t o  a higher background pressure i n  the vacuum system (about 2.7 x Pa o r  

2 x t o r r  a t  t he  pump). The increase i n  pressure i s  due t o  aging o f  the 

400 !Us i o n  pumps, which are now being replaced a f t e r  about seven years o f  ser- 
v ice.  The Ramsey c a v i t y  i s  3.74 m i n  l eng th  w i t h  an average atomic v e l o c i t y  o f  

l ess  than 200 m/s, which g ives a microwave resonance l i n e w i d t h  o f  about 30 Hz. 
The beam passes through the microwave c a v i t y  a half-wavelength from the shorted 

end. When o r i g i n a l l y  constructed, the end-to-end c a v i t y  phase s h i f t  was l ess  

than 1 mrad. 

A s l i d i n g  c y l i n d e r  w i t h  both an oven and a detector  i s  mounted a t  each end 

o f  the beam tube. Each oven i s  separated from i t s  companion detector  by a metal 

p a r t i t i o n ,  i n  order t o  reduce background from room-temperature cesium vapor. 

Seals f o r  the cy l i nde rs  are rubber O-rings coated w i t h  s i l i c o n  grease. I n  order 
t o  extend the l i f e t i m e  o f  a charge o f  cesium when the oven i s  moved ou t  o f  the 

main vacuum system, an a u x i l i a r y  i o n  pump has r e c e n t l y  been added t o  the oven 

chamber. I n  t h i s  way, f a i l u r e s  due t o  ox ida t i on  o f  cesium are avoided when the  

de tec to r  chamber i s  i n  p lace f o r  long per iods o f  t ime. 

Magnetic sh ie ld ing  f o r  NBS-6 consis ts  of two rectangular  moly permalloy 

sh ie lds  w i t h i n  a c y l i n d r i c a l  armco sh ie ld .  C - f i e l d  windings are placed close t o  

the  i n s i d e  surface o f  the innermost sh ie ld .  A ba f f l e  s h i e l d  between the  two ends 

o f  the microwave c a v i t y  serves t o  reduce magnetic f i e l d  d i s t o r t i o n s  produced by 

the  c a v i t y  feed opening. O r i g i n a l l y ,  the magnetic f i e l d  inhomogeneity was less  

than 5 x T. 
The sh ie lds are degaussed whenever the C - f i e l d  value i s  changed, and genera l l y  

several days are necessary f o r  the sh ie lds t o  r e l a x  t o  a f i x e d  value a f t e r  degaus- 
s ing.  

Microwave modulation i n  NBS-6 i s  s inusoida l  phase modulation o f  the 5.00688 

MHz quartz o s c i l l a t o r  output, a t  a frequency o f  18.75 Hz. The modulated 5.00688 

MHz s ignal  i s  m u l t i p l i e d  t o  9.19263177 GHz and app l i ed  t o  the microwave c a v i t y .  

T y p i c a l l y ,  a l l  sidebands are l ess  than - 50 dBC, and symmetric t o  b e t t e r  than 5 

percent. 

Beam cu r ren t  detected a t  t he  h o t  w i re  i s  amp l i f i ed  by an FET source a m p l i f i e r  

w i t h  an i n p u t  res is tance o f  about 1O1O ohms. The modulation component a t  18.75 Hz 

i s  ex t rac ted  by means o f  a square-wave, phase-sensit ive detector  and in teg ra ted  

t o  form a c o r r e c t i o n  s ignal  which tunes the quar tz  o s c i l l a t o r  t o  l i n e  center. 

The s t a b i l i t y  o f  the quartz o s c i l l a t o r  alone i s  b e t t e r  than lo-'* f o r  t imes less  
than 100 s ,  which a l lows times o f  the order of  seconds t o  l o c k  t o  the  microwave 

resonance. This servo system should resolve l i n e  center t o  b e t t e r  than one p a r t  

i n  lo6, which i n  t u r n  would l i m i t  f r a c t i o n a l  r e s o l u t i o n  o f  t he  microwave frequency 

t o  about 3 x 

T peak t o  peak a t  an operat ing C - f i e l d  s t reng th  o f  about 6 x 

Evaluation. - A complete evaluat ion o f  NBS-6 i s  performed approximately once a 

year, f o r  t he  reasons o u t l i n e d  above. A more complete d e s c r i p t i o n  o f  t he  l i m i t a -  

t i o n s  i n  operat ion o f  NBS-6 i s  found i n  Ref. 1. Table 1 gives a summary o f  
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uncer ta in t i es  obtained i n  the 1980 evaluation. As many unce r ta in t i es  as poss ib le  

are determined a t  t he  t ime o f  evaluat ion,  b u t  the measurement o f  t he  magnetic 

f i e l d  inhomogeneity was poss ib le  on l y  a t  the t ime o f  o r i g i n a l  const ruct ion.  Even 

t h i s  unce r ta in t y  i s  be l i eved  t o  have no t  changed, since the symmetry o f  t he  

Ramsey features associated w i t h  each Rabi microwave resonance i s  s t i l l  exce l l en t .  

TABLE I. NBS-6 Uncer ta in t ies,  1980 Evaluation. 

Bias (a x 1013) Uncer ta in ty  ( x  1013) 
Y 

Source o f  Uncer ta in ty  

1. 

2.  

3. 

4. 

5. 

6. 

(a) Cavi ty  Phase S h i f t  ( f o r  
one d i r e c t i o n )  ( res idual  
f i r s t - o r d e r  Doppler S h i f t )  

(b) Second-order Doppler S h i f t  

P u l l i n g  by neighboring t r a n s i t i o n s  

Magnetic F i e l d  E f f e c t s  

(a) O f f s e t  due t o  f i n i t e  f i e l d  

(b) Magnetic f i e l d  inhomgeneity 

(c) Majorana t r a n s i t i o n s  

Servo System Of f se ts  

(a) A m p l i f i e r  o f f s e t s  

(b) Second harmonic d i s t o r t i o n  

RF Spectrum 

Cavi ty  P u l l i n g  

3.3 
( t y p i c a l  ) 

-2.8 
( t y p i  ca l  ) 

+ O .  3 

+1767 
( t y p i c a l  ) 

+o. 02 

0.80 

0.10 

0.20 

0.02 

0.02 

? 

0.1 

0.2 

0.1 

0.01 

l . ( a )  As mentioned above, the l a r g e s t  source o f  unce r ta in t y  i s  t he  c a v i t y  

phase s h i f t .  The value of t h i s  frequency s h i f t  i s  obtained by comparing 

NBS-6 frequencies f o r  oppos i te l y  d i r e c t e d  cesium beams. It i s  assumed 

t h a t  a l l  o the r  sources o f  frequency b ias  are e i t h e r  measured o r  are 

i n v a r i a n t  upon beam reversa l .  Since the 1976 evaluat ion,  t he  f r a c t i o n a l  

frequency b ias  in t roduced by c a v i t y  phase s h i f t  has s t e a d i l y  increased 

from 0.25 x t o  the present value o f  about 3.3 x The 

unce r ta in t y  i n  t h i s  number was determined by measuring the  p o s i t i o n  
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dependence o f  the frequency. A more complete s e t  o f  measurements o f  

t he  change o f  frequency w i t h  beam p o s i t i o n  i s  now i n  progress w i t h  the 

1981 evaluat ion o f  NBS-6. 

(b) The second-order Doppler s h i f t  i s  determined from an ana lys i s  o f  t he  
Ramsey 1 ineshapes a t  d i f f e r e n t  microwave powers. The unce r ta in t y  i n  

t h i s  b ias  (Ay N 1 .0  x 10-14) comes from an estimate o f  t he  l i m i t a t i o n  

o f  the model used t o  f i t  the Ramsey curves. This l i m i t a t i o n  i s  n o t  

seen as a fundamental r e s t r i c t i o n  t o  accuracy, and f u t u r e  standards may 

w e l l  have second-order Doppler s h i f t s  measurable t o  Ay - 1 . 0  x 10-15. 

2. Since the s ta te -se lec t i on  magnets i n  NBS-6 d e f l e c t  atoms w i t h  d i f f e r e n t  

M values d i f f e r e n t l y ,  the magnitudes o f  the seven Rabi resonance peaks 

are no t  symmetric about the cen t ra l  peak. A t  low C - f i e l d  values, t h i s  

introduces an asymmetry a t  t he  cen t ra l  Ramsey resonance associated w i t h  

the  unequal slopes o f  t he  wings o f  t he  adjacent Rabi l i nes .  The s i ze  

o f  t h i s  e f f e c t  i s  est imated by measuring the d i f f e rence  i n  s ignal  s i ze  
a t  equal frequency steps on each s ide o f  t he  Ramsey peak. I n  add i t i on ,  
t he  C - f i e l d  i s  chosen t o  g i ve  a Zeeman s p l i t t i n g  o f  these l i n e s  which 

reduces the e f f e c t  t o  an acceptable l eve l .  

3.(a) The quadrat ic  magnetic f i e l d  dependence o f  the M = 0 + M = 0 t r a n s i t i o n  
introduces a r a t h e r  l a rge  frequency s h i f t .  This frequency o f f s e t  is  

determined by measuring the  Zeeman s p l i t t i n g s  o f  t he  M = k1  + M = +1 
Ramsey l i n e s ,  which provides a very accurate measure o f  t he  average 

magnetic f i e l d .  The unce r ta in t y  i n  t h i s  b ias  i s  g iven by the accuracy 

o f  the Zeeman frequency measurement, which can be made t o  almost a r b i -  

t r a r y  p rec i s ion .  

The e f f e c t  o f  Majorana t r a n s i t i o n s  on frequency i n  primary Cs clocks i s  
unknown [4]. Some authors have suggested t h a t  such e f f e c t s  may produce 

f r a c t i o n a l  s h i f t s  as l a rge  as 1O-lZ [4,5]. I n  the case o f  NBS-6, i t  

should be noted t h a t  g rea t  care has been taken t o  avoid sharp changes 

i n  magnetic f i e l d  from the s ta te -se lec t i on  magnet regions. This  has 

been accomplished i n  l a rge  p a r t  w i t h  the use o f  sh ie lds i n  the  t r a n s i -  

t i o n  regions. The present  evaluat ion o f  NBS-6 includes a b r i e f  study 
o f  the frequency s h i f t  w i t h  C - f i e l d  change, which may shed some l i g h t  

on t h i s  subject. 

(c) 

4.(a) Based upon servo-system design ca l cu la t i ons ,  i t  should be poss ib le  t o  

ob ta in  the microwave resonance l i n e  center  t o  b e t t e r  than I n  

add i t i on ,  measurement o f  frequency s h i f t s  upon reduct ion o f  loop ga in  

i n d i c a t e  t h a t  a m p l i f i e r  o f f s e t s  con t r i bu te  l ess  than t o  the  

f r a c t i o n a l  uncer ta in ty .  I t  i s  i n t e r e s t i n g  t o  note t h a t  r e c e n t l y  t he  
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beam cu r ren t  i n  NBS-4 (which has an i d e n t i c a l  servo system t o  NBS-6) 

dropped from 10 pA t o  0 . 1  pA as the cesium oven became depleted. The 

standard remained locked t o  the microwave resonance, w i t h  a f r a c t i o n a l  

frequency s h i f t  o f  l ess  than 2 x 10-13. 

(b) It very d i f f i c u l t  t o  measure the actual  second harmonic d i s t o r t i o n  i n  

the  modulated microwave s igna l  which d r i ves  the Ramsey cav i t y .  Instead, 
s ince frequency s h i f t s  t h a t  a r i s e  from such d i s t o r t i o n  are c l o s e l y  

r e l a t e d  t o  the modulation amplitude, the modulation amplitude i s  var ied.  

Th is  procedure gives an upper l i m i t  t o  such s h i f t s  o f  about 2 x 10-14. 

5. As described e a r l i e r ,  sidebands on the  microwave spectrum are symmetric, 

producing o f f s e t s  o f  l ess  than 10-14. 

6. The unce r ta in t y  i n  o f f s e t s  due t o  c a v i t y  p u l l i n g  i s  est imated from a 

combination o f  the unce r ta in t y  i n  our a b i l i t y  t o  s e t  the c a v i t y  t o  the 

cesium frequency and our a b i l i t y  t o  s e t  the microwave power t o  optimum. 

It i s  n o t  a problem i n  NBS-6, en te r ing  a t  t he  l e v e l .  

The RSS e r r o r  due t o  these systematic frequency biases i s  8.7 x 10-14, w i t h  

an add i t i ona l  random uncer ta in t y  o f  1.5 x 10-14. Consequently, the t o t a l  uncer- 
t a i n t y  (rms) i n  NBS-6 i s  l ess  than 9 x 10-14. 

An add i t i ona l  co r rec t i on  i n  the frequency o f  primary cesium standards has 

r e c e n t l y  come t o  l i g h t  [ I tano,  W. M. ,  Lewis, L. L., and Wineland, D. J., t o  be 

published]. Room temperature blackbody r a d i a t i o n  should produce a d i f f e r e n t i a l  

ac Stark  s h i f t  o f  t he  ground-state hyper f ine l e v e l s  o f  cesium. The s i z e  o f  the 

f r a c t i o n a l  c o r r e c t i o n  i s  about-1.7 x a t  300 K. Th is  c o r r e c t i o n  has no t  

been inc luded i n  previous evaluat ions o f  NBS-6, b u t  w i l l  be inc luded i n  the 1981 

eval u a t i  on. 
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